One of the two nonidentical subunits ofEscherichia coli ribonucleotide reductase, protein B2, contains in its active form two antiferromagnetically coupled Fe(M) ions and an organic free radical that arises by the one-electron oxidation of tyrosine-122 of the polypeptide chain. Protein B2 lacking the tyrosine radical but with the iron center intact (called protein B2/HU because it is produced by treatment with hydroxyurea) is enzymatically inactive. Previously, it was found that a crude extract from E. coli transforms B2/HU into B2 in the presence of dithiothreitol, Mg2+, and oxygen. On purification of the enzyme system, we now rimd that radical introduction requires three separate proteins as well as NADPH and FMN. One ofthe proteins is superoxide dismutase. We hypothesize that the overall reaction involves a reduction of the iron center followed by the oxidation of iron and tyrosine-122. Superoxide dismutase may then be involved in the second step to protect an oxidation-sensitive intermediate. Alternatively, the enzyme might be directly involved in the oxidation step.
Ribonucleotide reductase (ribonucleoside diphosphate reductase, EC 1.17.4.1) from Escherichia coli consists of two nonidentical subunits, named proteins B1 and B2 (1, 2) . The active enzyme consists of the loosely bound subunits in a 1:1 stoichiometry. Protein B2 can be obtained in several different forms (3) (4) (5) (6) ; (i) the enzymatically active form (B2), which contains two antiferromagnetically coupled Fe(III) ions together with an organic free radical; (ii) an inactive form (B2/HU) that contains the iron center but lacks the radical; and (iil) a second inactive form that contains neither iron nor the radical (apoB2). The radical was identified as an oxidation product of a specific tyrosine residue ofthe polypeptide chain (7) , probably . Treatment of B2 with hydroxyurea destroys the radical and results in formation of B2/HU, one of the inactive forms of B2 mentioned above. Removal of iron from B2 by chelation gives apoB2, the second inactive form (4) . This treatment also removes the radical, since the iron center is required for the stabilization of the tyrosine radical. When iron in the form of Fe(II) is reintroduced into apoB2 in the presence of oxygen, both the Fe(III) center and the tyrosine radical are regenerated, resulting in the formation of active B2 (4, 5) .
Extracts of E. coli contain an enzyme system capable of regenerating the tyrosine radical in B2/HU, thereby transforming this inactive form of the subunit to active B2 (6) . Enzyme activity depended on the presence of dithiothreitol (DTT), Mg2', and oxygen. Here, we describe a fractionation of this system that led to the discovery that superoxide dismutase (SOD, superoxide: superoxide oxidoreductase, EC 1.15. 1.1) is one of the components participating in the overall reaction. After the fractionation, the reaction requires addition of NADPH and is stimulated by FMN. 
MATERIALS AND METHODS
Materials. DEAE-Trisacryl M, HA Ultrogel, Ultrogel AcA 54, and Ultropac TSK 3000SW were from LKB. Superose 12 was from Pharmacia. The following enzymes were from Sigma: catalase from bovine liver [16,000 units (u) /mg], egg white lysozyme (40,000 u/mg), glutathione peroxidase from bovine erythrocytes (250 u/mg), glucose oxidase from Aspergillus niger (250 u/mg), NAD' glycohydrolase from Neurospora crassa (0.9 u/mg), and xanthine oxidase grade HI from cow milk (1.2 u/mg). SOD from bovine erythrocytes (5000 u/mg) was from Boehringer Mannheim. Thioredoxin from E. coli was a gift from A. Holmgren (Karolinska Institute), and lysozyme from phage T4, a gift from L. Bertsch (Dept. Biochemistry, Stanford University). Pure proteins B1 and B2 were prepared as described (9, 10) . B2/HU was prepared from B2 by treatment with hydroxyurea (6).
Dihydroxyfumarate and 4-methylmercapto-2-oxobutanoic acid were gifts from M. Ingelman-Sundberg (Karolinska Institute). All other reagents were of the purest grade available commercially. Buffer A was 25 mM Hepes (pH 8.0). All enzyme dilutions were made in buffer A containing bovine serum albumin at 1 mg/ml. Preparation ofE. coli Extract and Separation of Fractions A and B. Extraction of the bacteria was accomplished by treatment with lysozyme (11) . A frozen bacterial pellet (150 g) was thawed in an ice bath after addition of 150 ml of 0.1 M Tris HCl buffer (pH 9.0), in the presence of 80 mM KCl, 0.3 mg of egg white lysozyme/ml, and 0.2 ug of phage T4 lysozyme/ml. The suspension was kept on ice for 45 min and then frozen (liquid nitrogen) and thawed twice and centrifuged for 45 min at 45,000 rpm in the type 65 rotor of a Beckman ultracentrifuge. The resulting supernatant solution (180 ml) contained 22 mg of protein/ml and had a pH of 7.5.
For the separation of fraction A from fraction B, 62 ml of the crude extract was diluted with 200 ml of water and adsorbed to a 130-ml column of DEAE-Trisacryl M. Before use, the ion exchanger had been washed with 50 volumes of 1 M NaCl, followed by 10 volumes of buffer A. tTo whom reprint requests should be addressed.
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in an ice bath and centrifugation, the supernatant was used for the experiment described in Fig. 1 (12) . One unit of enzyme activity was defined as 1 nmol of dCMP formed in the second step of the assay.
Other Assays. SOD activity was measured by the ability ofthe enzyme to inhibit the autooxidation ofpyrogallol (13) . NAD was determined with alcohol dehydrogenase from yeast (14) ; and NADP, with glucose-6phosphate dehydrogenase (15) .
Sequencer degradation was carried out in an Applied Biosystems model 470A gas-phase instrument. Phenylthiohydantoin derivatives were analyzed by HPLC on a Nucleosil C18 column, using an acetonitrile gradient in sodium acetate (16) .
Protein concentrations were usually determined by the method of Bradford (17) , with bovine serum albumin as a standard. In chromatograms, protein was determined from A280, assuming a value of 1.0 per cm for 1 mg/ml. RESULTS Requirements for Cofactors. Previous experiments with crude extracts showed that the transformation of B2/HU to B2 required addition of DTT and Mg2+ (6) . After purification of the extract by DEAE chromatography, we now find that the reaction requires the further addition of dialyzable cofactors present in a heated extract from E. coli ( Fig. 1) . Pyridine nucleotides could largely substitute for the heated extract, with NADPH giving best activity (Fig. 2a) . When the heated extract was treated with an enzyme that degrades pyridine nucleotides, the stimulatory activity disappeared in parallel with the destruction of NAD, indicating that the stimulatory factors present indeed were pyridine nucleotides (Fig. 2b) . A further 2-fold stimulation of the reaction was obtained with FMN ( Fig. 2c) . In all furthei experiments NADPH and an NADPH-regenerating system as well as FMN were included during incubation.
Fractionation of Protein Components Involved in Radical
Generation. Stepwise chromatography of a crude E. coli extract separated two protein fractions (A and B) that together were required for catalytic activity. Fraction A was eluted with 0.07 M NaCl, and fraction B with 0.20 M NaCl. Fraction B could be subfractionated into fractions b and c by AcA 54 gel-exclusion chromatography. The enzyme reaction then required the simultaneous presence of fractions A, b, and c. These experiments will be detailed elsewhere. Here we Extract, 1,u FIG. 1. Dialyzable factors present in heated E. coli extract stimulate B2/HU activation. Heat-treated extract (0.5 ml) was dialyzed in a collodion bag against 100 ml of buffer A at 20C. Portions were removed after 0, 1, 2, 4, and 6 hr, and various volumes of each were tested for the ability to stimulate the activity of 68 tg of fraction A and 100 pg of fraction B to transform B2/HU to active B2 under standard conditions. The amount of active B2 formed in 2 ,ul of the incubation nmixture was measured by its ability to complement an excess of B1 for the reduction of CDP to dCDP. The unit of activity is defined in Materials and Methods.
describe the further purification and identification of the activity present in fraction A.
Identification of Fraction A as Superoxide Dismutase. When fraction A was rechromatographed on DEAE and eluted with an NaCl gradient, the results depicted in Fig. 3 were obtained. In this experiment, fraction A activity was assayed in each chromatographic fraction in the presence of an excess offraction B. Three active peaks (AO, A1, and A2) were eluted at increasing NaCl concentration. Since most of the activity was recovered in the Ao peak (the flow-through fraction), we concentrated our efforts on the purification of this material.
To this purpose, a bacterial extract was chromatographed on a DEAE column as described in Materials and Methods. The concentrated flow-through fraction (4 ml) contained 47% of the total fraction A activity of the original bacterial extract. After dilution with water to give a final protein concentration of 1 mg/ml and pH adjustment to 6.4 by addition of 0.3 ml of 0.2 M acetic acid, the material was adsorbed to a 30 ml column of HA Ultrogel. After removal of inactive contaminants by elution with 2 mM potassium phosphate buffer (pH 6.4), the active material (6.5 mg of protein, 88% recovery of activity) was subsequently obtained in a sharp peak by elution with 50 mM potassium phosphate buffer (pH 6.4).
Further chromatography on Superose 12 or Ultropac TSK 3000SW gave a single protein peak with coinciding fraction A activity, at a position corresponding to a molecular weight of 45,000. Electrophoresis of this material in a denaturing 10% polyacrylamide gel gave a single protein band at Mr 24,000. These results suggested that the protein responsible for fraction Ao activity had been obtained in pure form and that it is a homodimer with a molecular weight of 45,000-48,000.
To further characterize the nature of this protein we determined its NH2-terminal amino acid sequence by gasphase sequence analysis. The first 16 residues were unequivocally determined and found to be identical to the corresponding amino acid sequence of manganese SOD reported by Steinman (18) . This enzyme is a homodimer with a molecular weight of 46,000, in good agreement with the values found by us for the protein responsible for fraction Ao activity. These results establish that the activity of the AO peak in the DEAE chromatogram of Fig. 3 3 . Rechromatography of fraction A on DEAE-Trisacryl. Fraction A (combined flow-through and 0.07 M NaCi fractions, 100 mg in 9 ml of buffer A), after separation from fraction B on DEAE, was added to a 5-ml column of DEAE-Trisacryl equilibrated with buffer A. Adsorbed material was eluted with a 50-ml linear 0-0.15 M NaCi gradient in buffer A. Fractions 1.3 ml/30 min) were analyzed for protein by A20 (Lower) and for the ability to complement fraction B for the activation of B2/HU (Upper). three A peaks of Fig. 3 . In addition, commercial SOD from beef erythrocytes fully substituted for E. coli fraction A (Table 1) . Taken together, our data strongly suggest that fraction A and SOD are identical activities. Thus, SOD is required for the activation of B2/HU.
Effects of Oxygen Radicals on B2. SOD is believed to prevent the toxic effects of oxygen radicals (20) . The involvement of SOD in the enzymatic generation of the tyrosine radical of B2 might be related to such a function. Oxygen radicals may well be generated during the overall reaction, either as intermediates or side products, or even from contaminants present in fractions b or c. SOD might then be The noninhibited system contained 15 ,ug of B2/HU, 0.1 or 1.0 ,ug of SOD, 4 ,ug of fraction b, and 1 ug of fraction c in a final volume of 12 ,ul. ND, not done. the enzyme system containing an optimal amount of SOD (data not shown). With dihydroxyfumarate, addition of a 10-fold excess of SOD gave some protection ( Table 3) . The further addition of catalase did not increase this protective effect. However, catalase protected against the H202-generating system (Table 3) . Finally, hydroxide-radical scavengers did not protect from inactivation by dihydroxyfumarate (data not shown).
We also investigated whether other oxygen-radical scavengers would substitute for SOD during B2/HU activation. Neither scavengers of H202, such as catalase or glutathione plus glutathione peroxidase, nor hydroxide-radical scavengers could substitute for SOD (Table 4) . Several of the hydroxide-radical scavengers (mannitol, dimethyl sulfoxide, and 4-methylmercapto-2-oxobutanoate) actually slightly inhibited the enzyme system in the presence of SOD. Taken together, the experiments described in this section demonstrate a specific requirement for SOD during enzymatic activation of B2/HU.
DISCUSSION
The active B2 subunit of ribonucleotide reductase from E. coli contains two Fe(lI) ions in an antiferromagnetically coupled iron complex and one tyrosine free radical (3) . Treatment of B2 with hydroxyurea destroys the radical but leaves the iron center intact, resulting in the formation of the inactive B2/HU form of the subunit. The present communication concerns the enzymatic transformation of B2/HU to active B2, which can be represented schematically as follows. This reaction represents an oxidation involving the removal of one electron from a specific tyrosine residue of the polypeptide chain. Crude extracts from E. coli catalyzed this reaction in the presence of oxygen, Mg2+, and DTT. An important finding was that iron remained bound to B2/HU during the overall reaction (6) . This enzymatic introduction of a tyrosine radical can be compared with the chemical generation of the radical from apoB2 (3) (4) (5) . ApoB2 contains neither iron nor radical. Addition of Fe(II) ions in the presence of oxygen results in the "spontaneous" formation of the tyrosine radical together with the iron center. Two important points emerge from this.
(i) The radical disappears on removal of iron from B2 and reappears when iron is properly reintroduced into apoB2. Thus the iron center is a requirement for the formation and for the stability of the radical. In contrast, the radical can be removed without affecting the iron center by treating B2 with hydroxyurea. (ilk) Radical introduction into apoB2 requires addition of Fe(II) ions in the presence of oxygen and does not occur with Fe(III). The overall process apparently involves the simultaneous oxidation of two irons and one tyrosine residue.
Radical introduction by the E. coli enzyme system occurred without addition of Fe(II) ions but required oxygen. Fractionation of the system has now resulted in the discovery that the reaction also depends on the presence of a reduced pyridine nucleotide and FMN, suggesting an intermediate reductive step in the overall reaction. Presently, we can only speculate about the nature of this step, but in view of the mechanism involved in radical generation from apoB2, we propose that a reduction ofthe Fe(III) center of B2/HU takes place.
Fractionation also resulted in the separation of three protein components, required together for the overall reaction. Two Neither scavengers of H202 nor of OHM-could substitute for the enzyme, suggesting that any protective effect should operate directly on superoxide anions and not via oxygen radicals arising from superoxide (alternative ii above for SOD requirement). Also, alternative iii is excluded, since addition ofa large excess of catalase did not inhibit B2/HU activation.
This leaves alternatives i and iv. Superoxide-generating systems inhibited B2/HU activation, with partial reversal by a large excess of SOD. These results would fit the first alternative; i.e., SOD protects a sensitive intermediate formed during the reaction from the harmful effects of superoxide anions. However, a more direct function of SOD during the reaction cannot be excluded as an alternative explanation. For either alternative, we suggest that a reduction of the iron center precedes the generation ofthe tyrosine radical. The following sequence of events represents a reasonable working hypothesis. 
